We have assessed the published predictions of the pathway of folding of the B domain of protein A, the pathway most studied by computer simulation. We analyzed the transition state for folding of the three-helix bundle protein, by using experimental ⌽ values on some 70 suitable mutants. Surprisingly, the third helix, which has the most stable ␣-helical structure as a peptide fragment, is poorly formed in the transition state, especially at its C terminus. The protein folds around a nearly fully formed central helix, which is stabilized by extensive hydrophobic side chain interactions. The turn connecting the poorly structured first helix to the central helix is unstructured, but the turn connecting the central helix to the third is in the process of being formed as the N-terminal region of the third helix begins to coalesce. The transition state is inconsistent with a classical framework mechanism and is closer to nucleation-condensation. None of the published atomistic simulations are fully consistent with the experimental picture although many capture important features. There is a continuing need for combining simulation with experiment to describe folding pathways, and of continued testing to improve predictive methods.
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⌽ value ͉ nucleation-condensation ͉ framework ͉ temperaturejump ͉ kinetics C omputer simulation of protein folding and unfolding pathways is important not only as an intellectual challenge to understand the mechanisms of how proteins fold but also for devising new strategies for tackling diseases of protein unfolding and misfolding (1) . There have been great advances in pathway prediction in the last decade because of increasing computing methodology and the benchmarking of simulation with high resolution experimental techniques, such as ⌽ value analysis on transition states and NMR studies on partly folded states, which have led to atomic level descriptions of whole pathways (2, 3) . The question now is how reliable are simulations in the absence of benchmarking with experiment. The more established field of protein structure prediction assesses itself biennially with the Critical Assessment of Structure Prediction (CASP) competition, which has enriched the rigor and successes of the methods. The CASP competition has a clear-cut gold standard for each prediction: the structure that is solved at atomic resolution by x-ray crystallography or NMR. Pathway prediction is much more difficult to assess. The only extensive experimental data that are sufficiently close to atomic resolution are the ⌽ values for transition and intermediate states, which score the extent of formation of structure at any target residue on a scale of 0 to 1, from denatured to native, by kinetic experiments on proteins that have been sensibly mutated at the target positions (4) . Here, we have tested published predictions of the folding pathway of the B domain of Staphylococcal protein A by using ⌽ values for the major transition state because this is the most studied pathway by many groups with a variety of methods and a ⌽ value analysis has not yet been published.
Protein A is a 60-residue, three-helical protein, with ␣-helix1 (H1, residues 10-19), turn1 (T1, residues 20-24), H2 (residues 25-37), T2 (residues 38-41), and H3 (residues 42-56). The isolated sequences corresponding to H1 and H2 are unstructured in solution, but that of H3 is significantly helical (5-7). There is no evidence for a folding intermediate (5) . NMR linebroadening kinetic studies show that it folds according to simple two-state kinetics, with a half-life of 5-6 s (8), close to the current time scale of computer simulation, which makes the protein a particularly attractive system. NMR methods are too labor intensive to conduct an extensive ⌽-value analysis. Unfortunately, the domain lacks a suitable optical probe for more rapid acquisition of accurate kinetic data by temperature-jump methods. In this study, we mutated Tyr-15 to Trp to provide a fluorescent probe, solved the NMR structure of the mutant, and conducted an extensive ⌽-value analysis to map the transition state for folding of 71 mutants of the pseudo-wild-type protein.
Materials and Methods
Proteins. The gene coding for the B domain was synthesized and ligated into an in-house-modified pRSETA vector with a lipoyl fusion domain on the N terminus (Promega). The protein was expressed by standard procedures and purified by using an nickel-nitrilotriacetic acid column (Qiagen, Valencia, CA) followed by a Q-column (Amersham Pharmacia Biosciences). A fusion protein was cleaved by thrombin (Sigma) between the two columns. Purity and identity were checked by reverse phase chromatography and matrix assisted laser desorption ionization mass spectroscopy, respectively. The genes for mutants were prepared by using QuikChange (Stratagene), and the proteins were produced as described above. 13 C-and 15 N-labeled protein was prepared by using the K-Mops minimal media. All proteins were Ͼ95% pure. All experiments were performed in 50 mM acetate, 100 mM NaCl at pH 5.5, 25.0°C unless otherwise stated. NMR Methods. All NMR spectra were acquired on Bruker (Karlsruhe, Germany) AMX 500 or DRX 500 spectrometers in the deuterated acetate buffer. Assignment was performed by using standard triple-resonance techniques. Distance restraints were derived from 2D NOESY spectra acquired with a 100-ms mixing time. HN-N residual dipolar couplings were measured by using a transverse relaxation optimized spectroscopy-based experiment in liquid crystalline media (5% C12E6, r ϭ 0.64) (9) . Restraints for backbone ⌽ and ⌿ angles were derived from TALOS (10) . Slow-exchanging amide protons were identified from 1 H- 15 N correlation experiments after dissolving the lyophilized protein in D 2 O at 5°C. Structure calculation was performed by using CNS (11) (PDB accession no. 1SS1).
Equilibrium and Kinetic Measurements. Equilibrium denaturation with guanidinium chloride (GdmCl) was followed by CD at 222 nm and fluorescence Ͼ320 nm by using an AVIV 202SF spectrometer (Aviv Associates, Lakewood, NJ) equipped with an automatic titrator. Far-UV CD (for all proteins) and near-UV CD (for radical mutants) spectra were recorded to confirm integrity of the structure. Relaxation kinetics were measured as a function of GdmCl by using an electrical-discharge temperature-jump instrument (Hi-Tech Scientific, Salisbury, U.K.) by following fluorescence signals Ͼ320 nm. Temperature was rapidly changed from 21.5°C to 25.0°C with a rise time of 20 s. For the pseudo-wild-type, a stopped-flow instrument (SX18MV, Applied Photophysics, Leatherhead, U.K.) was used outside the transition region. Equilibrium and kinetic data were analyzed by using the standard two-state equations with no constraints to determine thermodynamic and kinetic parameters. ). The mutant domain had a very similar structure ( Fig. 1 ) to wild-type B domain (with rms deviation of 1.3 Å) (12) . Trp-15 lies on the surface of H1 and interacts with the side chain of His-19, which quenches its fluorescence in the native structure, as found for the His-18͞ Trp-94 interaction in barnase (13) (Fig. 2) . The tryptophan proved to be a sensitive fluorescent probe for monitoring the unfolding and refolding by rapid temperature-jump kinetics (3) (Fig. 3a) . We measured the rate constants as a function of concentration of GdmCl. For some mutants, we were able to measure the rate constants down to 0 M GdmCl, but wild type and many mutants could be followed only over a limited range of concentrations because of the nature of relaxation techniques (Fig. 3b) . There was excellent agreement between ⌬G D-N measured at equilibrium by titration with GdmCl and those measured from the ratios of the folding (k f ) and unfolding (k u ) rate constants calculated from fitting the kinetic data for GdmCldenaturation to two-state kinetics (Fig. 3c) , showing that folding was two-state under the experimental conditions (14) in agreement with the NMR studies (8) . The parent Trp-15 protein folded with a half-life of 10 s. The transition state for folding was compact, with 85% burial of solvent-accessible surface area relative to the native structure, as judged by the relative sensitivities of rate and equilibrium constants to changing concentrations of GdmCl (15) . The kinetic data are similar to those on a 58-residue construct with mutations F14W (to give an optical probe) and G30A, which speeds up folding by stabilizing H2 (16).
Results

Structural and Kinetic
⌽-Value Analysis. We calculated ⌽ values from the observed two-state kinetics. Because two-state kinetics may always conceal additional transition states that are not detectable by kinetic measurements, the ⌽-value analysis refers to the ratedetermining transition state that is responsible for the observed kinetics. The ⌽ value for folding is given by ⌬⌬G ‡-D ͞⌬⌬G D-N , where ⌬⌬G ‡-D is the change in free energy of activation (calculated from RT ln(k f(wt) ͞k f(mut) ), where k f(wt) and k f(mut) are the rate constants for the folding of wild-type protein and a mutant protein respectively and ⌬⌬G D-N is the free energy of denaturation of wild-type protein minus that of mutant. When there are two-state kinetics and very good agreement between the values of ⌬G D-N measured by equilibrium methods and that measured by ratios of rate constants (Fig. 3c) , we prefer to use the values of ⌬⌬G D-N from kinetics because all of the measurements are made under the same set of experimental conditions. We also calculate the ⌽ values at a value of denaturant concentration that is within the range directly measured, so as not to depend on extrapolation. The data were sufficiently precise that ⌽ values The resulting apparent pK a was 7.2 (Ϯ0.1), which shows that W15 fluorescence depends on the protonation state of H19 (there is only one His residue in the protein). The solution was buffered by using 5 mM citrate, 5 mM borate, 5 mM phosphate, and 100 mM NaCl at 25°C. pH was changed by adding small amounts of NaOH from pH 3.9 to 9.6. The protein is fully folded and stable throughout this pH range.
calculated from kinetic-or equilibrium-derived values of ⌬G D-N were highly consistent and there were no appreciable differences between those calculated for 2 M GdmCl and those for 0 M (Tables 1-3 ).
Discussion
⌽-value analysis was designed to be at its best for mutations of larger hydrophobic residues to smaller ones without a change of stereochemistry (''nondisruptive deletions'') with a measurable to moderate change of stability on mutation (4). Under these conditions, ⌽ values report back on the interactions made by the deleted side chains in the wild-type protein, and there is an approximate relationship between ⌽ and the extent of formation of the hydrophobic contacts made. The B domain is exceptionally well suited for a ⌽-value analysis, having the appropriate hydrophobic residues for making the nondisruptive deletions (17) in its core as well as many positions for Ala 3 Gly scanning of secondary structure (18) , and there were adequately large changes of ⌬G D-N (⌬⌬G D-N ) on mutation. Very accurate rate constants could be obtained from temperature-jump kinetics. We calculated ⌽ values at 2 M GdmCl, in the mid region of our data, where ⌬⌬G D-N are the most precise (Ϯ0.1 kcal⅐mol
Ϫ1
) and at 0 M GdmCl, where ⌬⌬G D-N were nearly as good (Ϯ0.1-0.2 kcal⅐mol Ϫ1 ), by using conventional equations (15) . ⌬⌬GG-A is the differences in the free energy of denaturation for a Gly mutant relative to its Ala mutant, Kinetic data were used to calculate ⌬⌬G G-A at 2 M GdmCl. The SE for ⌬⌬GG-A were less than Ϯ 0.1 (kcal⅐mol Ϫ1 ). ⌽ values were calculated at 0 M and 2 M GdmCl. N͞A, not calculated because ⌬⌬G G-A was too small. All errors are propagated errors. Table 2 . ⌽ values for primarily secondary structure: Gly mutations at turns
⌬⌬GD-N is the difference in the free energy of denaturation for a Gly mutant relative to Y15W. Kinetic data were used to calculate ⌬⌬G D-N at 2 M GdmCl. The SE for ⌬⌬G D-N were less than Ϯ 0.1 (kcal⅐mol Ϫ1 ). ⌽ values were calculated at 0 M and 2 M GdmCl. All errors are propagated errors.
⌽ Values for Secondary Structure. Mutation of Ala 3 Gly at surface-exposed positions in helices provides an exquisite probe for the extent of formation of ␣-helical structure (18) . The interactions changed on mutation of Ala 3 Gly are purely intrahelical in the native structure, and their energetics are proportional to the change in solvent-accessible surface area of the native helix on mutation (19, 20) although the ⌽-value analysis does not depend on this.
Ala 3 Gly scanning of H2 sampled the integrity of secondary structure along most of the helix, which was virtually native with ⌽ values of Ϸ0.8-0.9 in the transition state (Table 1) . H3 had weakly formed secondary structure at its N-terminal end, with ⌽ Ϸ 0.5, decreasing to ⌽ Ϸ 0, at the C-terminal half, indicating lack of structure. The three measurable ⌽ values in H1 were low at Ϸ0.3. Four of the positions in the turns have side chains that are fully exposed to solvent so mutation to Gly probes the backbone secondary structure. Mutation to Gly at residues in T1 showed it was unstructured whereas the two probes in the T2 turn gave ⌽ Ϸ 0.2-0.5, indicating some structure is formed (Table 2) .
Does the denatured state have residual helical structure? Previous native-state hydrogen exchange studies at 20°C showed that none of the helices are protected by more than that expected from the measured ⌬G D-N (5). We confirmed this result at 10°C (data not shown). We estimated the fraction of helical structure in the denatured state in the absence of GdmCl from the nearand far-UV spectra of the mutant L23G (Fig. 3d) , which is predominantly denatured because T1 is seriously destabilized by the loss of predominantly intra-loop interactions. The near-UV CD, which monitors tertiary structure, indicated Ϸ5-10% native structure at 25°C, and the far-UV, which monitors total ␣-helical structure, Ϸ20% of the native ␣-helical content. T-jump kinetics were consistent, with a small fraction of native structure being present (data not shown). All helical structure is lost at 2 M GdmCl (Fig. 3d) . We conclude that the denatured state component of L23G has Ϸ10-15% of the native ␣-helical content at 25°C (dropping to 5% at 35°C).
⌽ Values for Tertiary Structure. Hydrophobic side chains from residues 13, 14, 17, 18, 20, 23, 31, 32, 35, 45, 46 , 49, and 52 form an extended hydrophobic core, most of which could be mutated to give accurate ⌽ values, and most of these ⌽ values were significant (Table 3 ). I17 and L18 in the C terminus of H1, which interact with I32 and L35 in H2, had ⌽ Ϸ 0.8-1, and I32 and L35 also had high ⌽ values, indicating strong interactions between H1 and H2. The ⌽ values with the side chains of H3 were all lower, in the range 0.2 to 0.6, with the higher values for the N-terminal half. Kinetic data were used to calculate ⌬⌬GD-N at 2 M GdmCl. The SE for ⌬⌬GD-N were less than Ϯ 0.1 (kcal⅐mol Ϫ1 ). ⌽ values were calculated at 0 M and 2 M GdmCl. Removed contacts in bold represent major ones. N͞A, not calculated because ⌬⌬G D-N was too small or dependence of kinetics on GdmCl was not amenable to investigation. All errors are propagated errors.
Overall Picture of Folding Transition State. The rate-determining transition state for the folding of the B domain is constructed around a nearly fully formed H2, which is stabilized by hydrophobic interactions from H1. H1 itself is only weakly structured, and the turn connecting it to H2 is unstructured: severely destabilizing T1 hardly affects the folding rate constant. The turn connecting H2 and H3 does have some structure as does the N terminus of H3, whose N-terminal side chains do make a weaker contribution to the stabilizing hydrophobic interactions, but the C-terminal interactions are less important.
There is a gradation of mechanisms (21) between nucleationcondensation (22) , in which secondary and tertiary interactions are formed in parallel, and framework (23, 24) , in which preformed secondary structural elements dock in the ratedetermining step, as found for engrailed homeodomain (3). The general diffusion-collision mechanism has framework at one extreme but moves to partial parallel formation of secondary and tertiary interactions (25) . The B domain transition state looks like a nucleation-condensation mechanism with a late transition state, where the secondary structure in the nucleus (mainly H2) is very well formed as are some of the stabilizing tertiary interactions.
Comparison with Published Simulations. Numerous simulations have been made by using various techniques, including offlattice, all-atom molecular dynamics, and conformational sampling methods (8, (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . The suggested folding mechanisms range from diffusion-collision to hydrophobic collapse models, and the predictions differ in the order of events on the folding pathway.
Zhou and Karplus (29) use a simplified protein model and predict that helical structures form before the chain collapses if the energy gap between native and nonnative interactions is large, suggesting a diffusion-collision mechanism. Linhananta and Zhou (30) extended the previous studies by using an all-heavy-atom representation to give a detailed view of the transition state, which is dominated by an on-pathway intermediate consisting of an H2-H3 microdomain. Pak and colleagues obtained similar results by using all-atom molecular dynamics with an implicit solvent model (34) . Myers and Oas (8) and Weaver and colleagues (33) independently have calculated that the diffusion-collision model reproduces the ultra-fast-folding experimental data.
Other simulations suggest that folding proceeds with concurrent secondary and tertiary structure formation. Alonso and Daggett (35) use all-atom molecular dynamics simulation of unfolding at high temperature and conclude that H3 is the most stable helix and forms first, and this helix formation dominates the folding pathway although all three helices are at least partially formed in the transition state. Boczko and Brooks (27) and Guo et al. (28) used a biased-sampling method and concluded that the interface between H1 and H2 forms first, starting around the T1 region, and then the H2-H3 interface forms later with mostly concomitant secondary and tertiary structure formation. Garcia and Onuchic (37) use replica exchange molecular dynamics and show a somewhat similar pathway. Their view of the transition state is simultaneous formation of H1 and the tertiary interactions between H1 and H2. Although H3 has residual helical structure in the denatured state, consolidation of H3 with the rest of the molecule occurs after the transition state.
In contrast, Berriz and Shakhnovich (31) use an off-lattice model and conclude that H2-H3 interactions form first. Although their simulation sees the independent formation of helical structure around H2 and H3, the helices do not come together as two preformed elements before the folding nucleus (T2) forms. Scheraga and colleagues (32) propose an early formation of H3 and predict that the subsequent chain collapse parallels the further formation of secondary structure. Wallin and colleagues (26) use a reduced protein model and reach a somewhat different conclusion from the others, a concerted folding process where the collapse of the peptide chain is as fast as helix formation, like a pure nucleation-condensation model.
The progress in simulation is truly remarkable. Many of the above simulations capture different features of the experimental results, with varying degrees of success. Our experimental data can now be used for a detailed analysis of the different simulations at the atomic level, and to refine the different approaches.
